Introduction {#Sec1}
============

GSK1521498 (N-{\[3,5-difluoro-3′-(1H-1,2,4-triazol-3-yl)-4-biphenylyl\]methyl}-2,3-dihydro-1H-inden-2-amine phosphate (1:1)) is a novel opioid receptor antagonist under clinical development for disorders of compulsive consumption (Ignar et al. [@CR14]; Nathan et al. [@CR20], [@CR21]). Behavioural studies in rodent models of compulsive consumption have demonstrated that GSK1521498 can significantly, and dose dependently, attenuate compulsive searching for cocaine, heroin or chocolate rewards and compulsive consumption of heroin or food rewards (Giuliano et al. [@CR12], [@CR13]). GSK1521498 could be behaviourally differentiated from naltrexone in these experiments: GSK1521498 in the dose range 0.1--3 mg/kg had greater effects than equivalent doses of naltrexone on cocaine seeking, heroin seeking and heroin consumption. For example, GSK1421598 3 mg/kg was associated with a 2.5-fold greater reduction in cocaine seeking and a 5.5-fold greater reduction in heroin seeking, compared to naltrexone 3 mg/kg (Giuliano et al. [@CR13]).

Here, we report a detailed characterization of the receptor pharmacology of GSK1521498 compared to naltrexone, and its principal metabolite 6-β-naltrexol, in cell lines and in brain tissue from morphine-treated animals. We hypothesized that the behavioural differences between GSK1521498 and naltrexone observed previously could be related to pharmacological differences in μ-opioid receptor (MOPr) selectivity or efficacy.

In an initial study of its receptor pharmacology, GSK1521498 was reported to be selective for recombinant human MOPr over κ (KOPr) and δ (DOPr) (Ignar et al. [@CR14]). Furthermore, in cell membranes from CHO-Gam E1A cells virally expressing high levels of recombinant receptor, GSK1521498 exhibited inverse agonism, at MOPr, KOPr and DOPr. In contrast, the classical opioid antagonist naltrexone demonstrated neutral antagonist/partial agonist activity at MOPr and KOPr and neutral antagonist activity at DOPr (Ignar et al. [@CR14]).

Under certain experimental conditions, MOPrs have been reported to exhibit constitutive activity which can be inhibited by some opioid antagonists indicating that they may also have inverse agonist activity (Burford et al. [@CR6]; Liu et al. [@CR19]; Wang et al. [@CR28], [@CR29], [@CR30]). For example, β-chlornaltrexamine (βCNA) was reported to reduce the basal level of GTPγS binding in membranes prepared from either mouse brain or cell lines expressing recombinant MOPr (Wang et al. [@CR29]). While the inverse agonism induced by βCNA was apparent in brain membranes prepared from control mice, it was enhanced in membranes prepared from mice pretreated with morphine for 1 or 3 days when constitutive activity of MOPr was reported to be increased. Furthermore, while naltrexone and naloxone exhibited neutral antagonist activity in control membrane preparations, these drugs also exhibited inverse agonist effects in membranes from morphine-pre-treated cells (Wang et al. [@CR28], [@CR30]) or membranes prepared from morphine-treated mice brains (Wang et al. [@CR29]). The principal (active) metabolite of naltrexone, 6-β-naltrexol, was reported to act as a neutral antagonist irrespective of the conditions of the experiment (Wang et al. [@CR28], [@CR29], [@CR30]).

Other studies, however, have failed to observe inverse agonist activity with MOPr antagonists and have observed either neutral antagonism or weak partial agonism (for review see Connor and Traynor [@CR8]). For example, in different studies, naloxone has been reported to possess positive (Burford et al. [@CR6]; Liu and Prather [@CR18]; Wang et al. [@CR30]), neutral (Brillet et al. [@CR5]; Divin et al. [@CR11]) or negative intrinsic activity (Liu and Prather [@CR18]; Sally et al. [@CR24]; Wang et al. [@CR29], [@CR30]). The issue of whether MOPrs exhibit constitutive activity and thus whether some antagonists exhibit inverse agonism is still controversial (Connor and Traynor [@CR8]; Williams et al. [@CR31]).

The objective of the present study was to characterize the effects of GSK1521498 at opioid receptors in vitro and to compare them with several established opioid antagonists that have previously been reported to have neutral antagonist or inverse agonist activity: naltrexone, 6-β-naltrexol, nalmefene, βCNA. We confirmed that GSK1521498 showed selectivity for MOPr over the other opioid receptors and have additionally demonstrated that it binds to the orthosteric binding site on MOPr. We demonstrated that GSK1521498 could more completely block MOPr transmission than naltrexone, which had partial agonist efficacy. In contrast, we found further evidence that GSK1521498 had some inverse agonist activity, but this was observed using highly expressed recombinant MOPr, or endogenous MOPr from mice pre-treated with the highest dose of morphine, but not endogenous MOPr from control mice or mice pre-treated with lower doses of morphine. We were unable to observe inverse agonist activity using βCNA, nalmefene, naltrexone or 6-β-naltrexol under any assay conditions.

Methods and materials {#Sec2}
=====================

Preparation of membranes {#Sec3}
------------------------

(i)MOPr-, DOPr-, KOPr- and ORL1 (NOPr-) Chinese hamster ovary (CHO) cellsCHO cells stably expressing human MOPr, DOPr, KOPr and NOPr, respectively, were grown to \~90 % confluency, washed with PBS prior to being detached with Versene or trypsin and collected by centrifugation (330 g, 5 min, 4 °C). The cell pellets were rinsed once in PBS and homogenized in ten volumes (*w*/*v*) of membrane preparation buffer (50 mM HEPES, 0.1 mM leupeptin, 1 mM EDTA, 0.1 mM Pefabloc and pepstatin A pH = 7.4) using an Ultra-Turrax homogenizer (2 × 15-s bursts). The homogenates were then centrifuged at 48,000 × *g* for 20 min at 4 °C, and the pellets were washed once more in membrane preparation buffer and re-centrifuged as before. The final pellets were resuspended in five volumes of membrane preparation buffer and frozen at −80 °C until use. Protein concentration was determined by the Bio-Rad Protein assay using bovine serum albumin (BSA) as the standard.(ii)MOPr-human embryonic kidney (HEK) 293 cellsHEK293 cells stably expressing human MOPr (approximately 1,600 fmol/mg protein) were grown to \~90 % confluency then gently washed twice with 2-ml ice-cold hypotonic lifting buffer (10 mM HEPES, 0.9 % *w*/*v* NaCl, 0.2 % *w*/*v* EDTA, pH 7.4). Cells were then removed from the bottom of the dish using an Iwaki cell scraper and suspended in 2 ml of ice-cold lifting buffer. The cells were pelleted by centrifugation (377 × *g*, 10 min, 4 °C) before discarding the supernatant and resuspending in 2 ml of ice-cold wash buffer 1 (10 mM HEPES, 10 mM EDTA, pH 7.4). The centrifugation step was then repeated and the wash cycle repeated twice more. The washed cell suspension was then homogenised using 4 × 5-s bursts with an Ultra-Turrax homogeniser. The homogenate was then centrifuged (48,000 × *g*, 30 min, 4 °C) before the supernatant was discarded and pellet was resuspended in 2 ml of ice-cold wash buffer 1. The centrifugation was then repeated, before resuspension of the pellet in 3 ml of ice-cold wash buffer 2 (10 mM HEPES, 0.1 mM EDTA, pH 7.4) at protein concentrations of 2--5 mg/ml. Aliquots of membrane protein were stored at −80 °C until use.(iii)Mouse brainAll animal experiments were carried out in accordance with the UK Animals (Scientific Procedures) Act, 1986, and associated guidelines. Male CD1 mice (25--30 g) were obtained from Banting and Kingman (UK) and housed at the University of Bristol's animal facility. They had access to food and water ad libitum. Four groups of mice were used.Naive mice---untreatedAcute morphine-pretreated mice received 100 mg/kg morphine subcutaneous (sc) 4 h before sacrificeModerate morphine-pretreated mice received sc injections of morphine at 8-h intervals for 3 days (day 1---3 × 30 mg/kg, day 2---3 × 60 mg/kg, day 3---3 × 100 mg/kg). Animals were sacrificed 12 h later on day 4.Severe morphine-pretreated mice were implanted sc under isoflurane anaesthesia with a morphine pellet containing 75 mg morphine. Animals were sacrificed 3 days after pellet implantation. It has been estimated that this treatment results in brain morphine levels that peak around 600 ng/g tissue and remain above 200 ng/g tissue over the period of administration (Patrick et al. [@CR22])

The categorization of morphine pre-treatment is as described by Raehal et al. ([@CR23]).

Brain membranes were prepared as described by Wang et al. ([@CR29]). Animals were killed by cervical dislocation and their brains removed, placed in Eppendorf tubes and frozen in liquid nitrogen. The tubes were then stored at −80 °C until used. To prepare membranes, brains were homogenized (4 × 5-s bursts using an Ultra-Turrax homogeniser) in buffer containing 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), 1 mM MgCl~2~ and 0.25 M sucrose at 4 °C and then centrifuged at 27,000 × *g* for 10 min (4 °C). The resulting pellet was resuspended in homogenizing buffer and centrifuged twice more (as described above), before the final pellet was resuspended in homogenizing buffer and stored in aliquots at −80 °C. The protein concentration of the aliquots was determined to be naïve 2.41 mg/ml, morphine acute 2.35 mg/ml, morphine moderate 2.22 mg/ml and morphine severe 2.21 mg/ml.

\[^35^S\]GTPγS binding assay {#Sec4}
----------------------------

\[^35^S\]GTPγS binding studies in CHO cell membranes from MOPr overexpressing cells were performed in 384-well format using scintillation proximity assays (SPAs). MOPr, DOPr, KOPr and NOP membranes were diluted to 10, 20, 30 and 2 μg/ml, respectively, in assay buffer (20 mM HEPES, 10 mM MgCl~2~, 100 mM NaCl, pH 7.4) supplemented with 5 μM GDP, 30 μg/ml saponin, 0.01 % Pluronic F1275, 5 mg/ml wheat germ agglutinin-polystyrene imaging beads (PerkinElmer) and 0.5 nM \[^35^S\]GTPγS (1,250 Ci/mmol). The reaction mixtures were incubated for 2 h at 25 °C with different concentrations of test compound or vehicle (DMSO) in the absence (agonist mode) or presence (antagonist mode) of a sub-maximal concentration of agonist (Met-Enk, dynorphin A and nociceptin for MOPr/DOPr, KOPr and NOPr, respectively). The final assay volume was 20 μl for MOPr and NOP and 40 μl for DOPr and KOPr. Basal \[^35^S\]GTPγS binding was determined in the absence of compounds. Bound \[^35^S\]GTPγS was determined by scintillation counting on a ViewLux microplate imager (Wallac 1430, PerkinElmer).

To study potential inverse agonism at MOPr in mouse brain membranes and CHO cells expressing low levels of MOPr, we used conditions identical to those of Wang et al. ([@CR29]), using an assay buffer containing 50 mM Tris-HCl pH 7.5, 100 mM NaCl, 4 mM MgCl~2~, 1 mM DTT, 10 μM GDP, 1 mM EDTA and 0.1 % BSA. Brain membranes (10 μg/tube) were incubated with assay buffer as well as drug and 0.1 nM \[^35^S\]GTPγS (1,250 Ci/mmol) at 30 °C for 30 min before rapid filtration on a Brandel Cell Harvester using Whatman GF/B filters and scintillation counting.

Radioligand binding assay {#Sec5}
-------------------------

Membranes were prepared from MOPr-HEK 293 cells as described above. For competition binding experiments, competing ligands were prepared in increasing concentrations in HBSS/20 mM HEPES/pH 7.4, in LP4 tubes containing 10 μg of protein per well. Then, 4 nM \[^3^H\]naloxone was added to each tube, and binding reactions were left to incubate at 22 °C for 2 h with agitation. In parallel samples, non-specific binding was determined with 1 μM etorphine. Both total binding and non-specific binding curves were performed in duplicate. Membranes were then harvested onto filter paper discs moistened with ice-cold wash buffer: HEPES 20 mM, pH7.4. Each disc of filter paper was placed in a scintillation vial and 3-ml Emulsifier-Safe scintillation fluid added. Samples were left for 3 h before reading in a scintillation counter. For competition dissociation binding experiments, 10 μg of protein plus 4 nM \[^3^H\]naloxone was added to each tube, and binding reactions were left to incubate at 22 °C for 2 h with agitation. Then, 3 ml of quenching solution containing unlabelled naloxone (1 μM) to prevent rebinding of \[^3^H\]naloxone to the orthosteric site ± either GSK1521498 (1 μM), 6-β-naltrexol (1 μM) or naltrexone (1 μM) was added and the incubation continued for various times from 0 s to 15 min. In parallel samples, non-specific binding was determined with 1 μM etorphine. Membranes were then harvested and radioactivity bound measured as described above for competition binding experiments.

Drugs and reagents {#Sec6}
------------------

Guanosine 5′-*O*-(3-\[^35^S\]thio)triphosphate (\[^35^S\]GTPγS; 1,250 Ci/mmol) and \[^3^H\]naloxone (1 mCi/ml) were from PerkinElmer. Drugs and reagents were obtained from the following sources: β-chlornaltrexamine dihydrochloride (β-CNA), methionine enkephalin acetate salt hydrate (Met-Enk), dynorphin A (porcine), naltrexone, 6-β-naltrexol, nalmefene and materials for membrane preparation (all from Sigma); etorphine hydrochloride and morphine base pellets (from RTI); morphine hydrochloride (from Macfarlan Smith); nociceptin and naloxone hydrochloride (from Tocris).

Data analysis and statistics {#Sec7}
----------------------------

Concentration-response curves and ligand-displacement curves were determined by fitting data from individual experiments to sigmoidal concentration-response curves with variable slope in Graphpad Prism 5.0, with fpKi (pKi measured in a functional assay) and pKi (measured in a radioligand binding assay) and S.E.M. calculated using individual values from each experiment. The dissociation of \[^3^H\]naloxone in the absence and presence of other ligands was fitted to a single exponential decay in Graphpad Prism 4.0. Data were analyzed using a Student's *t* test, ANOVA or one-way ANOVA with Bonferroni post-test as appropriate.

Results {#Sec8}
=======

Opioid receptor selectivity {#Sec9}
---------------------------

To determine the antagonist selectivity of GSK1521498 for opioid receptors, we examined its ability to antagonize agonist-activated \[^35^S\]GTPγS binding in cell membranes prepared from CHO cells overexpressing either MOPr, DOPr, KOPr or NOPr and compared it to four other opioid antagonists, naloxone, naltrexone 6-β-naltrexol and nalmefene. The agonists used to stimulate each opioid receptor subtype were Met-Enk (MOPr and DOPr), dynorphin (KOPr) and nociceptin (NOPr). GSK1521498 showed antagonist activity at all four opioid receptors and was the most potent antagonist at MOPr (Fig. [1](#Fig1){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}). It had 14-fold selectivity for MOPr over DOPr and KOPr and 100-fold selectivity for MOPr over NOPr. When administered alone, GSK1521498 did not show agonist activity at any of the opioid receptors at concentrations up to 100 μM (see Fig. [3](#Fig3){ref-type="fig"} for MOPr; data not shown for KOPr and DOPr). It did exhibit slight inverse agonism at MOPr (see below and Fig. [3](#Fig3){ref-type="fig"}) but not at any of the other opioid receptors.Fig. 1Inhibition of Met-Enk-stimulated \[^35^S\]GTPγS binding to membranes prepared from CHO cells overexpressing MOPr. Concentration-response curve for GSK1521498 (*black square*), naloxone (*black circle*), naltrexone (*white circle*), 6β-naltrexol (*black up-pointing triangle*) and nalmefene (*white square*) for inhibiting 10-nM Met-Enk-stimulated \[^35^S\]GTPγS binding in CHO cells expressing MOPr. Mean data are expressed as percentage of the stimulation produced by Met-Enk and are from three experiments each performed in duplicate. For each curve, the maximum was constrained to 100 % and the slope to unityTable 1Antagonist potency (fpKi values) for the antagonists at opioid receptorsMOPrDOPrKOPrNOPrGSK15214989.64 ± 0.068.50 ± 0.038.48 ± 0.146.59 ± 0.13Naloxone8.68 ± 0.147.51 ± 0.167.50 ± 0.16\<5Naltrexone9.15 ± 0.138.26 ± 0.108.78 ± 0.07\<56β-Naltrexol8.72 ± 0.117.71 ± 0.108.52 ± 0.05\<5Nalmefene9.62 ± 0.128.08 ± 0.06--\<5Data are presented as mean ± SEM of three experiments

In contrast, naloxone, naltrexone, 6-β-naltrexol and nalmefene did not produce complete inhibition of the agonist responses at MOPr (Fig. [1](#Fig1){ref-type="fig"}), which is compatible with their partial agonist activity in this expression system (see below and Fig. [3](#Fig3){ref-type="fig"}).

Binding to the MOPr {#Sec10}
-------------------

Radioligand-binding studies can provide important information on how a ligand interacts with a receptor, not only the affinity of binding but also whether it binds at the orthosteric site or at an allosteric site on the receptor.

Competition displacement binding curves were constructed for the displacement of ^3^H-naloxone binding by GSK1521498, naltrexone and 6-β-naltrexol from MOPrs expressed in HEK293 cells. All three compounds displaced specific ^3^H-naloxone binding in a concentration-dependent manner with the maximum displacement being 100 % for each (Fig. [2a--c](#Fig2){ref-type="fig"}). pKi values calculated using the Cheng-Prussoff equation are given in Table [2](#Tab2){ref-type="table"}. The order of affinity of binding to human MOPr was GSK1521498 \> naltrexone = 6-β-naltrexol.Fig. 2Displacement of \[^3^H\]naloxone binding to MOPr. **a**--**c** Competition displacement binding curves for the displacement of ^3^H-naloxone binding by GSK1521498, naltrexone, and 6-β-naltrexol to membranes prepared from HEK293 cells expressing the human MOPr. **d** Kinetics of \[^3^H\]naloxone dissociation from MOPr in the absence and presence of GSK1521498, naltrexone and 6-β-naltrexol (all at 1 μM). Mean t~1/2~ values for \[^3^H\]naloxone dissociation in the presence of each drug are given with 95 % confidence limitsTable 2Affinity of binding (pKi) of MOPr antagonists to MOPr expressed in HEK293 cellspKiGSK15214989.38 ± 0.10 (*n* = 7)Naltrexone9.15 ± 0.04 (*n* = 6)6β-Naltrexol9.12 ± 0.09 (*n* = 6)Data are presented as mean ± SEM

To further examine whether GSK1521498 might act at an allosteric site on MOPr to alter binding at the orthosteric ligand binding site, we determined whether it altered the rate of ^3^H-naloxone dissociation from MOPrs. Non-radioactive naloxone was added to prevent rebinding of ^3^H-naloxone once it had dissociated from MOPr. The dissociation of ^3^H-naloxone from MOPr at 22 °C could be fitted by a single exponential (Fig. [2d](#Fig2){ref-type="fig"}). The t~1/2~ for dissociation was 0.59 min (95 % confidence limits 0.52--0.68; *n* = 7). In the presence of GSK1521498 (1 μM), the rate of ^3^H-naloxone dissociation was unchanged (Fig. [2d](#Fig2){ref-type="fig"}). Similarly, the rate of ^3^H-naloxone dissociation was unchanged in the presence of naltrexone (1 μM) or 6-β-naltrexol (1 μM) (Fig. [2d](#Fig2){ref-type="fig"}). These data are compatible with GSK1521498, naltrexone and 6-β-naltrexol binding to the orthosteric site on MOPr to which naloxone binds.

Inverse agonism at MOPr {#Sec11}
-----------------------

In GTPγS binding studies on CHO cell membranes expressing recombinant MOPrs, we observed that GSK1521498 produced a slight inhibition (up to 18 %) of basal \[^35^S\]GTPγS binding (Fig. [3](#Fig3){ref-type="fig"}). This would indicate some inverse agonist activity of GSK1521498. In contrast, naltrexone, naloxone, 6-β-naltrexol and nalmefene enhanced basal \[^35^S\]GTPγS binding (by 40, 20, 30 and 20 %, respectively) indicating partial agonist activity, not inverse agonist activity of these compounds (Fig. [3a](#Fig3){ref-type="fig"}). The partial agonist activity of these antagonists would explain why they did not completely inhibit the agonist actions of Met-Enk on MOPr shown in Fig. [1](#Fig1){ref-type="fig"}.Fig. 3Effect of antagonists on basal \[^35^S\]GTPγS binding to membranes from CHO cells expressing MOPr. **a** Concentration-response curve for GSK1521498 (*black square*), naloxone (*black circle*), naltrexone (*white circle*), 6-β-naltrexol (*black up-pointing triangle*) and nalmefene (*white square*) in CHO cell membranes overexpressing MOPr. Mean data are expressed as percentage of the basal binding, determined in the absence of ligands. At concentrations greater than 0.4 nM, GSK1521498 produced a significant inhibition of basal \[^35^S\]GTPγS binding (*p* \< 0.001, ANOVA on log-transformed raw data, with treatment and plates as independent factors). **b** Drugs were tested at a final concentration of 1 μM on membranes prepared from CHO cells expressing a low level of MOPr. Values are expressed as a percentage of the basal value in the absence of drug, which was taken as 100 % in each experiment. Values shown as means ± SEM from five separate experiments in each case. None of the drugs had a significant effect on basal \[^35^S\]GTPγS binding (one sample *t* test)

In these recombinant MOPr-GTPγS binding assays, we used highly overexpressed MOPrs in CHO cell membranes (Bmax 14,500 fmol/mg protein). The overexpression of MOPr is evidenced by the high potency of Met-Enk to stimulate \[^35^S\]GTPγS binding (EC~50~ 0.6 nM, 95 % confidence limits 0.4 to 0.8 nM): In rat brain neurons, the EC~50~ for Met-Enk activation of the K^+^ current was reported to be 1 μM (Bailey et al. [@CR3]). We next examined whether GSK1521498 exhibited inverse agonism at MOPr in CHO cells when the level of expression was lower, at the level of endogenous MOPr expression in the brain. We used membranes from CHO cells that expressed MOPr at a level of approximately 70 fmol per milligram of protein. In these membranes, GSK1521498, naltrexone, naloxone and 6-β-naltrexol (all at 1 μM) did not modify the basal level of GTPγS binding (Fig. [3b](#Fig3){ref-type="fig"}). In contrast, DAMGO (1 μM) still stimulated \[^35^S\]GTPγS binding by over 50 % in these membranes (data not shown).

To further examine whether GSK1521498 has inverse agonist properties at MOPr, we examined its ability to reduce \[^35^S\]GTPγS binding in membranes from mouse brain. It has previously been reported that while the inverse agonist activity of β-CNA can be observed in brain membranes from naïve mice, constitutive MOPr activity is enhanced by morphine pre-treatment, and this reveals the inverse agonist activity of other antagonists such as naltrexone and naloxone (Wang et al. [@CR28], [@CR29]). We compared the inverse agonist properties of GSK1521498, β-CNA, naltrexone and 6-β-naltrexol in membranes prepared from naïve mice and mice pretreated with morphine. We used three morphine pre-treatments, as described in the "[Methods and materials](#Sec2){ref-type="sec"}". These are characterized as acute, moderate and severe morphine pre-treatments (Raehal et al. [@CR23]).

Basal \[^35^S\]GTPγS binding levels were the same in brain membranes prepared from naïve mice and from mice receiving acute morphine, moderate morphine and severe morphine pre-treatments (Table [3](#Tab3){ref-type="table"}), i.e. morphine pre-treatment did not enhance MOPr constitutive activity. Furthermore, we did not observe any inhibition of basal \[^35^S\]GTPγS binding by β-CNA (1 μM) or naltrexone (1 μM) in membranes from naïve or morphine-treated animals (Fig. [4](#Fig4){ref-type="fig"}). We did, paradoxically, observe a small increase in GTPγS binding with naltrexone in membranes prepared from mice receiving moderate but not acute or severe morphine pre-treatment. The lack of any inverse agonist effect of β-CNA was surprising given previous studies (Wang et al. [@CR28], [@CR29]). We therefore sought to demonstrate that the sample of β-CNA used did bind to MOPr and functioned as an antagonist. β-CNA displaced specific ^3^H-naloxone binding in membranes from MOPr-HEK cells in a concentration-dependent manner and prevented DAMGO stimulation of GTPγS binding in mouse brain membranes (data not shown).Table 3Basal \[^35^S\]GTPγS binding to membranes of mouse brain following various morphine treatments\[^35^S\]GTPγS bindingNaiveMorphine acuteMorphine moderateMorphine severe3,618 ± 3563,057 ± 1572,857 ± 3423,361 ± 543Values are expressed as counts per minute bound per tube and are shown as means ± SEM from 9--11 separate experiments in each case, performed in triplicate or quadruplicate. The values were not significantly different, one-way ANOVA with Bonferroni post-test. The same amount of membrane protein (10 μg/tube) was used in each caseFig. 4Effect of antagonists on basal \[^35^S\]GTPγS binding to membranes from whole mouse brain, following different morphine pre-treatments. Drugs were tested at a final concentration of 1 μM. Values are expressed as a percentage of the basal value in the absence of antagonist drug, which was taken as 100 % in each experiment. Values shown as means ± SEM from five to six separate experiments in each case, each performed in triplicate or quadruplicate.\**p* \< 0.05 compared to 100 %, one-sample *t* test

When tested at a concentration of 1 μM, GSK1521498 did not reduce basal \[^35^S\]GTPγS binding to brain membranes prepared from naïve, acute and moderate morphine-pretreated animals (Fig. [4](#Fig4){ref-type="fig"}). Only in membranes from severe morphine-pretreated animals did GSK1521498 show very slight but statistically significant inhibition of basal \[^35^S\]GTPγS binding (Fig. [4](#Fig4){ref-type="fig"}).

Discussion {#Sec12}
==========

Using recombinant human opioid receptors, we observed GSK1521498 to be a selective MOPr antagonist with some 14-fold selectivity for MOPr over both DOPr and KOPr and 100-fold selectivity for MOPr over NOPr. This relative selectivity for MOPr, DOPr and KOPr is similar to that reported by Ignar et al. ([@CR14]), but in the present study, the absolute potency of GSK1521498 was some 10-fold higher at each receptor type than previously reported. Compared to naltrexone, GSK1521498 was more selective for MOPr and had greater affinity for MOPr binding. We also observed that whereas GSK1521498 could completely antagonize MOPr activation by an exogenous agonist challenge, naltrexone, naloxone and 6-β-naltrexol could achieve only about 70 % blockade even at high doses.

Positive and negative allosteric modulation of G protein-coupled receptors (GPCRs) has been widely reported (see Keov et al. ([@CR16]) for review). Novel allosteric modulators of MOPr have recently been described (Burford et al. [@CR7]). GSK1521498 is structurally unrelated to other MOPr selective antagonists. It was therefore important to determine whether or not it acted at the same orthosteric binding site as classical antagonists that have chemical structures based on the morphine structure (Corbett et al. [@CR10]). GSK1521498 displaced all \[^3^H\]naloxone-specific binding to MOPr and did not alter the rate of \[^3^H\]naloxone dissociation from MOPr. Both of these observations are compatible with it acting at the same orthosteric site as naloxone.

We and others (Ignar et al. [@CR14]) have observed that GSK1521498 exhibits inverse agonist activity on highly overexpressed recombinant MOPr. Overexpression of receptors is likely to facilitate the measurement of MOPr constitutive activity thus revealing inverse agonist activity in drugs otherwise thought to be neutral antagonists. We did not, however, observe inverse agonist activity of GSK1521498 when the level of expression was lower either on recombinant MOPr in CHO cells or on endogenous MOPr in mouse brain tissue from control animals. In brain tissue from animals receiving morphine pre-treatment of increasing severity, there was a tendency for GSK1521498 to exhibit inverse agonist activity, but this was slight and only achieved statistical significance with the most severe morphine pre-treatment regimen. However, the slight inverse agonism of GSK1521498 at high levels of receptor overexpression, or the highest dose of morphine pre-treatment, was in contrast to the behaviour of the other MOPr ligands in this assay. We did not observe inverse agonist activity for β-CNA or naltrexone in brain tissue from mice receiving any of the morphine pre-treatments. This is in contrast to Wang et al. ([@CR28], [@CR29]) who have observed inverse agonism activity for these compounds on endogenous MOPr. In the studies of recombinant human MOPr overexpressed in cell lines, we confirmed prior data that naltrexone (Ignar et al. [@CR14]) had partial agonist activity, as did naloxone and the putative neutral antagonist 6-β-naltrexol. Recently, Bourassa et al. ([@CR4]) have also reported that naloxone and naltrexone behave as partial agonists at MOPr.

Opioid pre-treatment has been reported to increase MOPr constitutive activity presumably by increasing the phosphorylation state of MOPr (Liu et al. [@CR19]; Sally et al. [@CR24]; Wang et al. [@CR29], [@CR30]; Xu et al. [@CR32] but see Divin et al. [@CR11]). We did not observe any increase in basal GTPγS binding in mouse brain homogenates following any of the morphine pre-treatments. In our brain membrane experiments, the assay buffer contained Na^+^ which may reduce the level of constitutive G-protein signalling (Liu et al. [@CR19]; Szekeres and Traynor [@CR26]), but we used conditions identical to those of Wang et al. ([@CR29]) who had previously observed MOPr constitutive activity. Selley et al. ([@CR25]) have also failed to observe any increase in MOPr constitutive activity following morphine pre-treatment. While the reasons for this discrepancy are unknown, there might be subtle methodological factors that may be relevant. For example, it has been pointed out that in chronic opioid-pre-treatment studies, it is essential to ensure that all of the pre-treating agonist has been removed from tissue before evaluating constitutive activity and potential inverse agonists (Williams et al. [@CR31]). We conclude that the inverse agonist action of GSK1521498 is not simply revealed by an elevated level of MOPr constitutive activity following chronic morphine treatment but results from some other as yet unidentified modification of MOPr function.

Functional studies in neurons and cell lines under physiological conditions have failed to detect MOPr constitutive activity after chronic morphine exposure in locus coeruleus neurons (Connor et al. [@CR9]), periaqueductal gray neurons (Bagley et al. [@CR2]) or SH-SY5Y cells (Kennedy and Henderson [@CR15]). Indeed, the ability of other GPCRs to exhibit constitutive activity can be cell context-dependent, with for example, group I mGluRs showing extensive constitutive activity in expression systems but not in neurons, the reason for the latter being that in brain the receptor interacts with Homer proteins that suppress constitutive activity (Ango et al. [@CR1]). More recently, MOPr constitutive activity and inverse agonist activity of naloxone and naltrexone were observed in dorsal root ganglion neurons cultured from βarrestin2 knockout but not wild-type mice (Lam et al. [@CR17]; Walwyn et al. [@CR27]).

The issue of whether MOPrs exhibit constitutive activity and whether some antagonists are actually inverse agonists remains confusing with different results being observed by different groups using apparently similar experimental procedures (see Connor and Traynor [@CR8]). The present results indicate that whilst GSK1521498 could exhibit inverse agonist activity under conditions where MOPr are highly overexpressed, but not at lower level of expression of recombinant receptors or at untreated endogenous MOPrs, the other ligands examined (naloxone, naltrexone and 6-β-naltrexol) did not show any inverse agonist activity but instead under conditions of high receptor expression, displayed partial agonist activity.

Finally, we return to the question of how these pharmacological differences between GSK1521498 and other MOPr ligands could be related to the previously reported behavioural differences between GSK1521498 and naltrexone (Giuliano et al. [@CR13]). In this prior study, both GSK1521498 and naltrexone inhibited drug-seeking behaviour for cocaine or heroin in a second-order reinforcement paradigm, but this effect was significantly greater for GSK1521498 compared to an equivalent dose of naltrexone. Moreover, GSK1521498 inhibited further drug-seeking behaviour after a first self-administration of heroin, which naltrexone did not. There are many possible pharmacological reasons for the apparently greater efficacy of GSK152498 to modulate behaviour in these rodent models of drug dependence. As previously shown, and confirmed independently here, GSK1521498 is more selective for the mu opioid receptor, which is theoretically implicated in reward signalling. It is also conceivable that the more complete antagonism achieved by GSK1521498, and its slight inverse agonist activity under some assay conditions, compared to the incomplete antagonism and partial agonist activity of naltrexone (and the other opioid receptor ligands studied), might contribute to its different behavioural profile, by more completely attenuating MOPr-mediated signalling in brain centres controlling reward-driven behaviour. However, we note that the inverse agonist activity of GSK1521498 was only demonstrated under conditions of high receptor expression in vitro or in mice pre-treated with the highest dose of morphine. It is debatable to what extent these assay conditions are typical of normal physiological or pathophysiological states of the MOPr system.

Conflict of interest {#d30e1243}
====================

This study was funded by GlaxoSmithKline (GSK) and performed at Bristol University and Aptuit Srl. Verona. All authors except EK, SJM and GH are employees or former employees of GSK and/or hold shares in the company.
